Harris EN, Baggenstoss BA, Weigel PH. Rat and human HARE/ stabilin-2 are clearance receptors for high-and low-molecular-weight heparins. The human hyaluronic acid (HA) receptor for endocytosis (HARE/ stabilin-2) is the primary clearance receptor for systemic HA, chondroitin sulfates, and heparin, but not for heparan sulfate or keratan sulfate (Harris EN, Weigel JA, Weigel PH. J Biol Chem 283: 17341-17350, 2008). HARE is expressed in the sinusoidal endothelial cells (SECs) of liver and lymph nodes where it acts as a scavenger for uptake and degradation of glycosaminoglycans, both as free chains and proteoglycan fragments. Unfractionated heparin (UFH; ϳ14 kDa) and low-molecular-weight heparin (LMWH; ϳ4 kDa) are commonly used in treatments for thrombosis and cancer and in surgical and dialysis procedures. The reported half-lives of UFH and LMWH in the blood are ϳ1 h and 2-6 h, respectively. In this study, we demonstrate that anti-HARE antibodies specifically block the uptake of LMWH and UFH by isolated rat liver SECs and by human 293 cells expressing recombinant human HARE (hHARE). hHARE has a significant affinity (K d ϭ 10 M) for LMWH, and higher affinity (Kd ϭ 0.06 M) for the larger UFH. Rat liver SECs or cells expressing the recombinant 190-kDa HARE isoform internalized both UFH and LMWH, and both heparins cross-compete with each other, suggesting that they share the same binding sites. These cellular results were confirmed in ELISA-like assays using purified soluble 190-hHARE ectodomain. We conclude that both UFH and LMWH are cleared by HARE/Stab2 and that the differences in the affinities of HARE binding to LMWH and UFH likely explain the longer in vivo circulating half-life of LMWH compared with UFH.
approved by FDA), primarily because of its longer half-life in the blood and thus effectiveness against the targeted disorder.
Currently in the United States, three preparations of LMWH are FDA approved for use in medical treatments: tinzaparin, dalteparin (e.g., Fragmin), and enoxaparin (e.g., Lovenox). All three preparations have different pharmacological, physiochemical, and functional properties owing to the methods by which they were derived from UFH. For example, tinzaparin and enoxaparin are obtained by ␤-eliminative cleavage of heparin using heparinase or alkaline treatment, respectively, and dalteparin is obtained by deamination with nitrous acid (10) .
The sulfate groups on heparin maintain strong polyanionic charge, which makes this molecule "sticky." Many of the proteins in blood, in addition to the targeted members in the coagulation cascade, bind heparin and thus act as a saturable system, absorbing a large amount of drug and inducing some resistance to heparin therapy (49, 51) . Clearance of heparin is achieved by the reticuloendothelial system, although until recently the mechanism for clearance remained unknown (36) . The liver primarily clears larger polymers of heparin, whereas the kidneys filter out smaller fragments (5) . Other reports found that macrophages and sinusoidal endothelial cells are responsible for the bulk of the clearance, although a specific heparin receptor was not identified (7, 13, 30, 35, 44) . Scavenger receptors in the liver that bind to a large number of ligands [e.g., acetylated low-density lipoprotein (AcLDL), heparan sulfate, chondroitin sulfate] were assumed to also mediate the clearance of heparin (for review see Ref. 50) .
Recently, our group identified the human hyaluronic acid receptor for endocytosis (hHARE/stabilin-2) as the primary scavenger for heparin (18, 19) . We used UFH to demonstrate that hHARE binds specifically to heparin with high affinity, independently of the hyaluronan-binding site, and rapidly internalizes heparin by coated pit-mediated endocytosis. This efficient HARE-mediated uptake explains the high clearance rate of circulating heparin observed in patients. HARE is highly expressed in the sinusoidal endothelial cells (SECs) of liver, lymph node, and spleen and also mediates the clearance of hyaluronan (HA), chondroitin sulfates (CS), and AcLDL (17, 41, 43) . The human type I membrane receptor is present in two forms; a full-length 315-kDa isoform (315-hHARE) and a 190-kDa isoform that is identical to the COOHterminal 1136 aa of the 315-hHARE. The 190-hHARE and 315-hHARE isoforms demonstrate identical binding activities for HA, multiple CS types, Ac-LDL, and heparin (16) . These results were based on studies using purified secreted ectodomains (s190-and s315-hHARE) of the receptor for in vitro binding assays and using cultured stable human Flp-In 293 cell lines expressing hHARE cDNA for cell binding/endocytosis assays.
In this report, we show that HARE in freshly isolated rat liver SECs or recombinant human cells also binds specifically to LMWH enoxaparin, but with lower affinity than to UFH, and is internalized more slowly. The results show that HARE mediates clearance of both heparin preparations and explain why LMWH has a longer half-life in the blood than UFH.
MATERIALS AND METHODS
Materials and solutions. LMWH, under the trade name of enoxaparin (Lovenox), was from Sanofi-Adventis. UFH was from Sigma (St. Louis) and Celsus (Cincinnati, OH). Biotin-LC-hydrazide and streptavidin (SA) were from Pierce (Rockford, IL). Biotin-UFH (b-UFH) and b-LMWH, prepared and characterized as noted in Harris et al. (16) , contained 1.5-2 biotins per chain. Na 125 I and Ni-Sepharpose 6 Fast Flow were from GE/Amersham. Collagenase was from Roche Molecular Biochemicals. Human fibronectin and SA-alkaline phosphatase conjugate were from Sigma. Flp-In cell lines stably expressing 190-hHARE and s190-hHARE were constructed as described (16, 17) . Cell culture medium and reagents were from Invitrogen/GIBCO (Carlsbad, CA). Heparin-binding plates (EpranEx) were from Plasso (now BD Biosciences). ELISA-like assays were performed using F8 PolySorp strips from Nunc (Roskilde, DK). AcLDL was from Kalen Biomedical (Montgomery Village, MD). Purified monoclonal antibodies (MAbs) against rat HARE (rHARE) or polyclonal antibody (PAb) against hHARE were prepared as noted previously (18, 54) . Hanks' balanced salt solution (HBSS) contains 5 mM KCl, 0.4 mM KH 2PO4, 0.8 mM MgSO4, 137 mM NaCl, 0.3 mM Na2HPO4, 5.5 mM glucose, 1.26 mM CaCl2, 0.5 mM MgCl2, and 28 M phenol red; at the time of use, 3.5 g/100 ml of NaHCO3 was added and the pH was adjusted to 7.2 with HCl. TBS contains 20 mM Tris ⅐ HCl, pH 7.0, and 150 mM NaCl. TBST is TBS with 0.1% (vol/vol) Tween-20. TBST-BSA is TBST with 1.0% (wt/vol) BSA. Blocking solution is TBST with 2% BSA. Coating solution for ELISA-like assays contains 15 mM Na 2CO3, 36 mM NaHCO3, pH 9.5. Standard assay buffer (SAB) contains 100 mM NaCl, 50 mM sodium acetate, 0.2% (vol/vol) Tween-20, pH 7.2. Endocytosis medium 1 is DMEM containing 0.05% BSA (without serum), and endocytosis medium 2 is RPMI containing 0.15% BSA (without serum). The perfusion buffers are buffer 1 containing 142 mM NaCl, 6.7 mM KCl, 10.0 mM HEPES, pH 7.4; buffer 2 containing 67.0 mM NaCl, 6.7 mM KCl, 4.8 mM CaCl 2 ⅐ 2H2O, 101 mM HEPES, pH 7.2; and buffer 3 contains 137.0 mM NaCl, 4.7 mM KCl, 1 mM MgSO4, 1.2 mM CaCl2 ⅐ 2H2O, 10.0 mM HEPES, pH 7.4. BSA if present is at 15 g/l.
Size exclusion chromatography and MALLS analysis. Weightaverage molar mass values for the heparin preparations used were determined by size exclusion chromatography coupled to multiangle laser light scattering (MALLS) as described previously (2) . Analyses of 0.2 ml samples (at ϳ2.0 mg/ml heparin in PBS) were performed with PL Aquagel-OH60 and Aquagel-OH30 columns in series at a flow rate of 0.4 -0.5 ml/min in 50 mM NaPO 4, pH 7.0, 150 mM NaCl, 0.05% NaN3 at 22°C. MALLS analysis was performed continuously on the eluate by use of a DAWN DSP laser photometer in series with an OPTILAB DSP interferometric refractometer (Wyatt Technologies).
Isolation of SECs from perfused rat liver. Animal procedures were performed under Institutional Animal Care and Use Committee protocol 08-073 approved by the University of Oklahoma Health Sciences Center and are within the guidelines set by the Association for Assessment and Accreditation of Laboratory Animal Care. SECs were prepared by the liver collagenase perfusion technique of Seglen (40) with minor modifications (6, 32) and purified by using discontinuous Percoll gradients (42) . Briefly, Sprague-Dawley rats (200 -400 g, Charles River Laboratories) were anesthetized with 11 ml of 25% isoflurane in polyethylene glycol in a glass chamber, placed on a tray face up with a nose cone containing 25% isoflurane and stimulated with 70% ethanol on the abdomen to confirm deep anesthesia. The entire abdominal cavity was exposed and the portal vein was cannulated with an Insyte Autoguard catheter (18 GA, 1.3 ϫ 30 mm, Becton, Dickinson Infusion Therapy Systems) and secured with two loops of surgical silk string. As soon as the catheter was immobilized, other major blood vessels were severed and TBS was flushed (50 ml/min) through the liver for 10 min to remove blood (blanching), while the liver was excised and placed on a plastic net over a funnel that allows fluids to be collected and recirculated. Freshly dissolved collagenase (100 mg/kg weight) in buffer 2-BSA is filtered (0.45 m), added to 10 volumes of prewarmed buffer 2-BSA and perfused, with recirculation, through the liver 10 -12 min. The liver is transferred to a glass dish and the membranes covering the lobes are peeled off and the liver is gently shaken in ϳ30 ml of buffer 1-BSA to release the cells. The cells are first filtered through a 100-m mesh and then twice through a 37-m mesh. Hepatocytes are pelleted by centrifugation at 150 g for 3 min. The pellets are pooled into two 50-ml tubes and the pellets are washed once with buffer 1-BSA at 22°C, centrifuged at 150 g, and washed twice with buffer 3-BSA under the same conditions. The supernatants from each of these washes (containing SECs, Kupffer cells, and some small hepatocytes) are pooled and then centrifuged at 200 g for 10 min at 4°C. To remove remaining hepatocytes, the cell pellets, resuspended in 5 ml of RPMI-BSA, are pooled and centrifuged at 100 g for 3 min, and then all but the bottom ϳ10 ml of the supernatant is removed and saved. The cell pellet is resuspended, the procedure is repeated, and the final pooled supernatants are then centrifuged at 200 g for 10 min to pellet the SECs. The pellets are resuspended in 30 ml RPMI-BSA and 10 ml is layered onto each of three Percoll step gradients (20 ml of 25% over 15 ml of 50% Percoll). The gradients are centrifuged (4°C for 20 min at 900 g) and SECs on the 25/50% interface are collected, resuspended in RPMI, and centrifuged at 350 g for 10 min to remove Percoll. The cells are resuspended in RPMI and incubated on sterile glass petri dishes for 10 min to remove Kupffer cells, which settle out and adhere to the glass, whereas the SECs remain in suspension. For endocytosis experiments, the final SECs, ϳ95% pure (32, 42) , were allowed to settle and spread on human fibronectin-coated 24-well tissue culture plates at 37°C for 2 h, washed, and used immediately.
Endocytosis of 125 I-SA ⅐ b-heparin. Stably transfected cells (clone 9 unless noted otherwise) (17) expressing 190-hHARE were plated in 12-well dishes and grown in DMEM supplemented with 8% fetal calf serum FCS and 100 g/ml Hygromycin B for at least 2 days prior to experiments. Before the experiment, the medium was replaced with endocytosis medium 1 and incubated at 37°C for 1 h to allow HARE-mediated internalization of any bound serum glycosaminoglycans. For purified SECs, internalization experiments in endocytosis medium 2 started immediately after the 2-h adhesion and recovery period following plating on fibronectin-coated dishes. Endocytosis assays with either cell type were performed at 37°C in the appropriate endocytosis medium containing preformed complexes of 125 I-SA ⅐ bheparin (50 -100 nM b-UFH or b-LMWH) (18) with or without unlabeled UFH or LMWH as competitor. Specific endocytosis was assessed in two ways. First, cells were incubated in parallel with only 125 I-SA ⅐ biotin to determine background counts per minute (cpm) values at each time point. Second, cells were incubated with 125 I-SA ⅐ b-heparin and an excess of unlabeled heparin at each time point. Either the background or heparin competition values, which were approximately equal, were subtracted from all data points to determine specific 125 I-SA ⅐ b-heparin internalization. At the indicated times, cells were washed three times with ice-cold HBSS and lysed in 0.3 N NaOH, and radioactivity and protein content (17) were determined and expressed as cpm per microgram of protein unless noted otherwise.
Purification of the 190-hHARE ectodomain (s190). cDNA constructs, generation of stable Flp-In cell lines secreting the soluble ectodomain of the human 190-hHARE, and purification of s190-hHARE protein were described earlier (16) . Briefly, conditioned media from s190-hHARE cell cultures were pooled, centrifuged to clear cellular debris, and supplemented to final concentrations of 250 mM NaCl, 10% vol/vol glycerol, and 10 mM imidazole. Ni-saturated Sepharose 6 Fastflow resin (1% vol) was added and, after incubation overnight at 22°C, the resin was collected and washed with 250 mM NaCl, 20 mM NaH2PO4, 10 mM imidazole, pH 7.4, and the protein was eluted with 250 mM NaCl, 20 mM NaH2PO4, 400 mM imidazole, pH 7.4. The eluate contained s190-hHARE as well as several other serum-derived proteins that also adhered to the column. Final purification was achieved by concentrating the eluate, separating the proteins by 5% SDS-PAGE (25) , and cutting the s190 band from the copper-stained gel with a clean razor blade. The s190-hHARE protein was electroeluted in 25 mM Tris, 185 mM glycine, and 2.5 mM SDS. Final dialysis and concentration of s190-hHARE (Ͼ97% pure) was performed in PBS with the use of Amicon concentrators (30,000 MWCO).
ELISA-like assay for heparin binding and competition to s190-hHARE. s190-hHARE (1 g/ml) in 0.2 ml of coating buffer was plated in each well of a F8 Polysorp module, sealed with plastic tape, and incubated overnight at 22°C. All subsequent incubations were performed at 37°C, reagents were always added in blocking solution, and all washes were with TBST. Nonspecific binding sites were blocked by incubation with blocking solution for 1 h. Biotinylated UFH and LMWH (16) and unlabeled heparin (UFH or LMWH) were mixed together in blocking solution, added to each well, and incubated for 2 h. The wells were washed four times, followed by the addition of 0.1 g/ml SA-alkaline phosphatase and incubation for 15 min. The wells were then washed four times and bound SA-alkaline phosphatase was detected by addition of p-nitrophenolphosphate and color development. A SpectraMax 340 plate reader (Molecular Devices) was used to evaluate changes in A405 at appropriate times.
s190-hHARE binding assay using immobilized heparin. Assays to assess s190-hHARE binding to heparin adsorbed to EpranEx plates (a reverse situation compared with the ELISA-like assay) were performed as outlined by the manufacturer. Briefly, 25 g/ml heparin or LMWH solution in PBS was plated in the wells of a heparin-binding plate at 22°C overnight. All subsequent incubations were at 37°C and all washes were repeated three times with SAB. The plates were washed with SAB, incubated with 0.2% (wt/vol) porcine gelatin in SAB for 1 h, and s190-hHARE (1 g/ml in SAB) was added. The plate was incubated for 2 h, washed, and incubated for 1 h with 0.01 g/ml anti-V5 PAb (Bethyl Laboratories, Montgomery, TX) in 0.2% (wt/vol) gelatin in SAB. After washing, wells were incubated for 1 h with anti-goat-alkaline phosphatase secondary antibody (1:10,000 dilution; Sigma, cat. no. A-4062) in 0.2% (wt/vol) gelatin in SAB. The wells were washed and incubated with p-nitrophenolphosphate, and A405 was monitored as noted above.
RESULTS

Analysis of mass and concentration by MALLS. UFH and LMWH (enoxaparin)
were analyzed by size exclusion chromatography and MALLS to determine the weight-average molar masses and concentrations of these unmodified heparin preparations ( Fig. 1 ). This is the most accurate method to measure simultaneously the average molecular mass, size distribution, and concentration of purified polymers in solution (3). The weight-average masses of the LMWH and UFH used here were clearly different; the UFH eluted from the column first with a weight-average molar mass (in g/mol) corresponding to 13,500 Da, whereas LMWH eluted later with a weight-average molecular mass of 3,500 Da. Biotinylation of either heparin preparation did not cause degradation (not shown). Peak area is directly related to the amount of the heparin preparation injected onto the column and is used to calculate concentration. Even though the weight-average masses of both heparins are very distinct, there is an overlapping region shared by both preparations because some heparin polymers in each preparation are of similar or the same size and peak broadening also occurs as the polymers fractionate and diffuse through the gel-filtration resin.
190-hHARE ectodomain binds directly with unmodified or biotinylated heparins. Unlabeled UFH and LMWH were tested for their ability to bind to purified soluble 190-hHARE ectodomain in an ELISA-like assay. Each type of heparin was adsorbed in a saturating amount on heparin-binding EpranEx plates, which are designed to bind unmodified polyanionic GAGs (e.g., heparin or heparan sulfate), and s190-hHARE binding was assessed at 37°C ( Fig. 2A) . The results show that HARE binds to LMWH. After subtraction of the background antibody binding controls (Ͻ5% of total signal), the amount of s190-hHARE binding to immobilized LMWH was 46% of the amount bound to immobilized UFH. We expect the same activity for 315-hHARE, since the s190-hHARE ectodomain has the same ligand-binding activities as the full-length 315 kDa human receptor (19) . To test binding and endocytosis, we biotinylated LMWH using the same chemistry as for UFH (1.5-2 biotins per b-LMWH chain; similar to b-UFH).
To confirm directly that LMWH binds to HARE, we incubated increasing concentrations of b-LMWH or b-UFH with purified recombinant s190-hHARE protein adsorbed to plastic wells (Fig. 2B) . The dose-response binding curves indicate that b-LMWH binds to s190-hHARE, but at apparently lower affinity and to a lesser extent (ϳ30%) than b-UFH. In a separate ELISA-like assay, which is the reverse of the above heparin-immobilization assay, we incubated adsorbed purified s190-hHARE, with b-UFH and increasing concentrations of either unlabeled UFH or LMWH. LMWH clearly showed significant dose-dependent inhibition of b-UFH binding (F in Fig. 2C ), although as expected the competition by increasing concentrations of UFH was greater (E, Fig. 2C ). Unlabeled HARE, we estimate the apparent affinity of UFH to be 114fold greater than the LMWH affinity for s190-HARE.
LMWH is endocytosed directly or competes for b-UFH endocytosis mediated by 190-hHARE. Stable Flp-In 293 cells expressing recombinant membrane-bound 190-hHARE endocytose b-UFH much more efficiently than cells with empty vector (18, 19) . Here we compared the inhibitory effects of unlabeled LMWH and UFH on the direct HARE-mediated endocytosis of 125 I-SA⅐b-UFH or 125 I-SA⅐b-LMWH complexes. Cells were incubated for up to 7 h with 125 I-SA⅐b-UFH (Fig. 3A) or 125 I-SA⅐b-LMWH (Fig. 3B ) alone or with a 20-fold excess of unlabeled UFH or LMWH as competitor. Regression analysis showed that accumulation of the labeled UFH or LMWH in the presence of either unlabeled heparin preparation was linear over this time. Unlabeled LMWH and UFH decreased the rate of 125 I-SA⅐b-UFH endocytosis by 35 and 93%, respectively. In contrast, for 125 I-SA⅐b-LMWH, the rate of endocytosis in the presence of unlabeled LMWH and UFH decreased by 76 and 95%, respectively.
To assess the dose response of LMWH on 125 I-SA⅐b-UFH endocytosis (Fig. 3C) , we incubated cells for 4 h with 100 nM 125 I-SA⅐b-UFH alone or with 2 M unlabeled UFH (E) or 1-100 M LMWH (). Inhibition of 125 I-SA⅐b-UFH internalization by 2 M LMWH was ϳ19%, whereas 2 M UFH inhibited 125 I-SA⅐b-UFH endocytosis by 91%. Similarly (Fig.  3D) , cells were incubated for 4 h with 100 nM 125 I-SA⅐b-LMWH alone or with 3.2 M unlabeled LMWH () or 0.05-3.2 M UFH (E). In this case, inhibition of 125 I-SA⅐b-LMWH internalization by Ն1 M UFH was ϳ95%, whereas inhibition by 3.2 M LMWH was 54%. The above results indicate that UFH has higher affinity for HARE and is a much better competitor than LMWH for the heparin-binding site(s).
We previously estimated a K d of ϳ0.02 M for UFH binding to purified s190-hHARE (18) . Based on these above results, the estimated concentration of LMWH for a 50% decrease (IC 50 ) in the rate of b-UFH endocytosis was ϳ10 M, which is an approximation of the K d for HARE binding to LMWH in live cells at 37°C. In contrast, the estimated IC 50 for unlabeled UFH in competition with 125 I-SA⅐b-LMWH was ϳ0.06 M (in agreement with a 0.02 M K d for binding of purified s190-hHARE to UFH). Thus in live cells the apparent affinity of HARE for UFH is ϳ166-fold higher (0.06 M vs. 10 M) than for LMWH, which is in close agreement with our data in Fig. 2 and our previous report (18) .
HARE binding and endocytosis of heparin is specific. Since heparin is highly charged and binds nonspecifically to other cell components, we measured the rates of 125 I-SA⅐b-UFH and 125 I-SA⅐b-LMWH endocytosis by empty vector (EV) and 190-hHARE cell lines, derived from the parent Flp-In 293 cell line. EV and 190-HARE cells showed the same relative nonspecific binding (ϳ10%) of 125 I-SA⅐b-LMWH ( Fig. 4A , solid bars) compared with n 125 I-SA⅐b-UFH ( Fig. 4A, open bars) ; ϳ60% of total LMWH uptake by 190-hHARE cells was specific (mediated by HARE). As noted previously (18, 19) , ϳ95% of internalized 125 I-SA⅐b-UFH in 190-hHARE cells was HARE-specific, compared with EV cells. Cross-competition of both labeled heparins occurred in 190-hHARE cells; endocytosis of 125 I-SA⅐b-LMWH (Fig. 4B, solid bars) and 125 I-SA⅐b-UFH (Fig. 4B , open bars) were both competed with unlabeled LMWH or UFH. For cells incubated with 125 I-SA⅐b-LMWH, UFH was a slightly better competitor than LMWH at saturation (ϳ100% vs. 93%). 125 I-SA⅐b-UFH uptake was competed more by UFH than LMWH (92% vs. 69%) at saturation.
HARE-mediated binding/endocytosis of LMWH by rat liver SECs or 190-hHARE cells is competed by AcLDL and DS.
We previously found that UFH binding and endocytosis by 190-hHARE cells is competed by AcLDL and other polyanions such as dermatan sulfate (DS) and chondroitin sulfate-E (19), both common human ligands. To determine whether binding of both heparins to primary rat liver SECs is similarly competed by these other ligands, cells were incubated with 125 I-SA⅐b-UFH (Fig. 5, A and B, open bars) or 125 I-SA⅐b-LMWH ( Fig. 5 , Fig. 2 . Purified 190-human hyaluronic acid receptor for endocytosis (hHARE) ectodomain binds specifically and directly with both UFH and LMWH. A: unlabeled UFH or LMWH were adsorbed onto wells of EpranEx (heparin-binding) plates, and nonspecific binding sites were blocked with gelatin. Purified s190-hHARE ectodomain (1 g/ml) was incubated with the adsorbed heparins for 1 h at 37°C and washed, and bound protein was detected with anti-V5 polyclonal antibody (PAb) and then anti-goat IgG-AP as described in MATERIALS AND METHODS. Results are presented as the mean Ϯ SE (n ϭ 4) color development at 405 nm. B: to assess direct binding, increasing concentrations biotin (b)-UFH or b-LMWH, as indicated, were incubated with s190-hHARE, adsorbed on PolySorp plastic strips for 1 h at 37°C, and washed, and bound heparin was detected with streptavidin (SA)-AP and quantified at 405 nm as described in MATERIALS AND METHODS. C: to assess competition by LMWH or UFH, purified adsorbed s190-hHARE was incubated for 1 h at 37°C with 100 nM b-UFH premixed with the indicated increasing concentrations of unlabeled UFH (E) or LMWH (F). After washing, bound b-UFH was quantified with SA-alkaline phosphatase conjugate, by absorbance (presented as mean Ϯ SE, n ϭ 4) determined at 405 nm.
A and B, solid bars) with no additions or a 40-fold excess of unlabeled UFH, LMWH, AcLDL, or DS. UFH or LMWH both competed better than AcLDL or DS. Although the amount of each heparin taken up differed (Fig. 5A ), both latter ligands blocked uptake of either heparin by ϳ50% (Fig. 5B ). Thus the results in rat SECs and human cells were virtually the same; LMWH uptake was Ͻ50% that of UFH. As a control, the same pattern of competition for 125 I-SA⅐b-LMWH uptake by AcLDL and DS was also observed in 190-hHARE cells (Fig.  5C) , as found earlier with UFH (19) .
HARE-specific antibodies partially inhibit endocytosis of UFH and LMWH by rat SECs.
To assess whether HARE mediates heparin binding and uptake by rat liver SECs, we tested eight MAbs raised against rat HARE (53, 54) for their ability to (9-5, 9-8, 9-9, 9-17, 14) , plated in quadruplicate in 24-well dishes, were allowed to internalize 125 block endocytosis of 125 I-SA⅐b-UFH (Fig. 6A) or 125 I-SA⅐b-LMWH (Fig. 6B) . We also tested the ability of a rabbit PAb against s190-hHARE to block endocytosis of 125 I-SA⅐b-UFH by rat SECs (Fig. 6C) or 190-hHARE cells (Fig. 6D) . Five of the eight MAbs had no effect (not shown), like the mouse IgG control (Fig. 6, A and B) . However, three MAbs (nos. 174, 235, and 467) significantly (P Ͻ 0.05 or 0.005) blocked endocytosis of b-UFH ( Fig. 6A ) or b-LMWH (Fig. 6B ) by 25-30%; MAb-235 consistently showed the greatest inhibition.
Synergy or additivity of inhibition was not observed with any combinations of the three MAbs. The partial inhibition caused by each MAb reflects a real plateau, since these responses were dose dependent and increasing the MAb concentrations gave no greater inhibition beyond the plateau values. The pattern and degree of inhibition by each of the three MAbs for both UFH and LMWH was similar, suggesting that both types of heparin bind to the same HARE site(s). Anti-s190-hHARE PAb inhibited 125 I-SA⅐b-UFH endocytosis by 190-hHARE cells by ϳ60% (Fig. 6D ) as expected (19) but had no significant effect on 125 I-SA⅐b-UFH endocytosis by rat SECs (Fig. 6C) . Preimmune IgG did not inhibit 125 I-SA⅐b-UFH endocytosis by either cell type. These Ab inhibition results indicate that HARE is a bona fide heparin clearance receptor in SECs.
Although anti-human HARE PAb did not block UFH binding to HARE on SECs, we verified that it did cross-react in Western analysis; it readily detected both rat HARE isoforms in whole SEC lysates (Fig. 7, lane 5) . The three MAbs that partially inhibited heparin endocytosis in SECs also detected both rat HARE isoforms (Fig. 7, lanes 2-4) .
DISCUSSION
This is the first report identifying a specific clearance receptor for LMWH. Most epidemiological studies point out that LMWH is safe to use in prophylactic regimens for prevention of deep vein thrombosis and pulmonary embolism prior to many types of surgeries (11, 26, 33) . The primary advantage for using LMWH over UFH is that LMWH has a much longer half-life in the blood. Therefore, it is easier to regulate and reproduce therapeutic dosages of LMWH in patients, and it might be less expensive. However, there are conflicting reports on the cost effectiveness of using LMWH. For example, compared with patients receiving UFH, patients receiving LMWH tend to have a higher incidence of bleeding, which requires higher costs to manage in the long term despite short-term savings (29) . All medical-grade heparin is purified from pig small intestine, and most of the US supply comes from foreign sources such as China. When these supplies are disrupted or contaminated, such as occurred during the 2007-08 incident in which Ͼ80 US patients died from contaminated heparin from China (14, 23) , drug shortages occur and life-saving treatments and surgeries must be deferred. The identification of HARE/Stab2 as a heparin clearance receptor should enhance future efforts to characterize and understand the pharmacokinetics of heparin and to achieve better quality control of heparin preparations.
It has been known since the 1970s that the liver internalizes, and thus removes, heparin from the blood (1, 9, 21, 28) , and it is clear now that liver SECs endocytose much more circulating heparin than parenchymal or Kupffer cells (20, 34, 38) . Until 2008 (18) , no group had conclusively identified the SEC heparin internalization receptor nor shown that SECs deliver the internalized heparin to lysosomes and then digest the heparin polymers down to mono-or oligosaccharides that are then released into the cytoplasm and back into the blood. It was believed that the reticuloendothelial system absorbs heparin nonspecifically and that heparinases break the polymers down to small oligosaccharides (4). However, since heparin is widely used for many applications, the failure to identify the "heparin clearance receptor" and to understand how the body specifically clears heparin has been a huge gap in our physiological knowledge and an obstacle to the development of further therapeutics targeted to this specific clearance function.
On the basis of the now-accepted role of liver SECs in the clearance of HA from blood (12, 27, 47) and our discovery of the high-affinity binding of UFH heparin to hHARE/Stab2, we recently identified HARE as a major clearance receptor for heparin, heparin-like polymers, and probably heparin-protein complexes in the lymphatic and circulatory systems (18) . In fact, the HA clearance function mediated by HARE in liver SECs is used to diagnose and assess the prognosis of liver transplant patients and patients with liver damage, by monitoring serum HA levels (15, 37, 39, 48) .
The results reported here show that HARE also binds the smaller LMWH preparations, such as enoxaparin, although at lower affinity. Based on in vitro binding assays with purified s190-hHARE and endocytosis assays with cells expressing membrane-bound 190-hHARE, the apparent K d for hHARE binding to enoxaparin is ϳ10 M, which is 160 -500 times higher than the K d (20 -60 nM) for HARE binding to UFH. We compared the abilities of the LMWH enoxaparin vs. standard UFH to interact with the heparin clearance receptor HARE in recombinant 190-hHARE 293 cells and primary rat liver SECs. Our results from cell culture and direct binding assays with the purified s190-hHARE protein reflect the clinical observations related to the half-lives of UFH and LMWH clearance, mainly that LMWH has a lower binding affinity for HARE than UFH. In ELISA-like assays, s190-hHARE had a higher binding affinity for UFH than LMWH. These same results were also reflected in the cell-based assays, which showed that the IC 50 for LMWH inhibition of b-UFH internalization is ϳ6 -10 M (compared to an IC 50 of ϳ0.06 M for UFH). The final proof that HARE is the major liver clearance receptor for heparin will require animal studies to assess the effects of specific anti-HARE heparin-blocking antibodies, which are not yet available, on heparin clearance from the circulation.
We previously developed a panel of eight MAbs against the partially purified rat SEC receptor that enabled us to purify, . Antibody to human HARE does not block heparin uptake by rat liver SECs, but it cross-reacts with both rat HARE isoforms. Rat HARE was immunopurified from isolated rat liver SECs, subjected to SDS-PAGE and electrotransfer. Nitrocellulose strips were incubated for 2 h at 22°C in Trisbuffered saline with Tween-20 (TBST) with 1.0 g/ml of the indicated purified MAbs, anti-s190-hHARE IgG, nonimmune mouse, or preimmune rabbit IgG. The strips were then washed and probed with appropriate second antibody-AP conjugates as described in MATERIALS AND METHODS. The 300-kDa (arrow) and 175-kDa (arrowhead) rat HARE isoforms are both smaller than the corresponding 190-and 315-kDa human HARE isoforms, because of fewer Nglycans (52). characterize, and molecularly clone rat HARE for the first time (53) (54) (55) . MAb-174 was particularly important, since it almost completely blocks HA binding to rat HARE in ligand blots, isolated SECs (46, 53, 55) , and perfused liver (45) . Three of the eight anti-rat MAbs (nos. 30, 154, and 159) cross-react with human, which allowed us also to purify, characterize, and molecularly clone hHARE from spleen (16, 17, 45, 52) . MAb-174 did not block HA binding to hHARE, and none of the 8 MAbs blocked UFH binding to hHARE (unpublished results).
In the present study we found that three of the eight MAbs (nos. 174, 235, and 467) partially block heparin binding (both UFH and LMWH) to rHARE but not hHARE. The heparinblocking MAb-174 and MAb-235 also block HA binding to rHARE, indicating that these two MAbs recognize epitopes that are either shared by or between the independent HAbinding and heparin-binding sites of HARE (19) .
The partial and nonadditive inhibition of heparin binding to rHARE by the three different HARE-specific MAbs could be explained in several ways. For example, the different conformational or linear epitopes recognized by each MAb could be part of a subdomain that contributes to, but is not absolutely required for, the overall binding of heparin polymer, (i.e., multiple contact points between HARE and heparin contribute to binding). If the MAbs bind to different subdomains, then we would expect additive inhibition; if the MAbs bind to the same or different epitopes within the same subdomain, then their inhibitory effects would likely not be additive. In agreement with this possible explanation, unpublished preliminary results indicate that MAbs 235 and 467 each block binding (Ͼ90%) of the other biotinylated MAb to rHARE; thus their epitopes within HARE are in close proximity.
Definitive animal experiments must await development of specific anti-HARE heparin blocking antibodies, but all our results are consistent with and explain the slower clearance of LMWH from the blood stream. The half-life of circulating UFH in the blood is 30 -60 min (22) , whereas the half-lives of the smaller LMWH preparations are ϳ2-3.5 h, depending on the preparation (10) . Smaller heparin chains are more readily cleared by renal filtration than UFH, so the more efficient rapid clearance of UFH is due to HARE-mediated endocytosis by SECs in liver. The present finding that HARE also binds to LMWH, but with lower affinity, now provides a molecular basis to understand why LMWH preparations such as enoxaparin remain in the circulation three to six times longer than UFH. LMWH heparin chains are cleared by two pathways: a renal mechanism in kidney and a HARE-mediated mechanism in liver (and probably lymph node) SECs. The relative contribution of each pathway to LMWH clearance is not yet known.
Previous studies by others showed that rat liver SECs clear UFH from blood in vivo (20, 34, 38) . Oie et al. (34) found "HA as the most potent inhibitor (23%)" of UFH uptake but concluded that HARE/Stab2 was not the heparin scavenger receptor, at least in rats, since HA did not block heparin completely, and anti-Stab2 PAb that partially blocks HA binding (31) did not block heparin endocytosis. However, our two essentially concurrent reports using either well-defined cell lines expressing one or both hHARE/Stab2 isoforms (18, 24) or purified glycosaminoglycans and ectodomains of both hHARE isoforms in direct binding studies (19) provide a clear, though surprising, explanation. The HA-and UFH/LMWH-binding sites of hHARE are independent and nonoverlapping; the clearest evidence for this is that 190-hHARE lacking the HA-binding link domain cannot bind HA, but still avidly binds heparin (18, 19, 24) . The finding (34) that anti-HARE/Stab2 HA-blocking Ab does not block heparin uptake confirms our results. The above, and our earlier, results show conclusively that heparin uptake is mediated by HARE/Stab2 in rat liver SECs or recombinant cells.
Our results and conclusions regarding clearance of UFH and LMWH by the 190-hHARE also apply to the 315-hHARE, since the heparin-binding site(s) is present within the 190-hHARE isoform (i.e., the COOH-terminal ϳhalf of the 315 kDa protein). Both isoforms bind heparin, HA, and other glycosaminoglycan ligands in the same fashion (18, 19) . The results support the conclusions that the two human and rat HARE isoforms bind to UFH and LMWH similarly, that longer (larger mass) heparin polymers bind more effectively than shorter (smaller mass) heparins, and that HARE/Stab2 is the liver SEC heparin clearance receptor.
